Mutants of Saccharomyces cerevisiae resistant to 2-amino-4-methyl-5-13-hydroxyethylthiazole, an antimetabolite of 4-methyl-5-p-hydroxyethylthiazole (hydroxyethylthiazole), which are deficient in the activities of both hydroxyethylthiazole kinase and thiamine-phosphate pyrophosphorylase, involved in the pathway of de novo synthesis of thiamine in S. cerevisiae, have been isolated. Genetic analysis revealed that the mutation occurs at a single gene in the nucleus. The two enzyme activities were copurified to apparent homogeneity, and the molecular masses of the purified proteins were found to be approximately 470 and 60 kDa, as determined by gel filtration and sodium dodecyl sulfate-polyacrylamide gel electrophoresis, respectively. Hydroxyethylthiazole kinase was specific for ATP and Mg2', although to a lesser extent a combination with other nucleoside triphosphates or divalent cations could replace them. p-Chloromercuribenzoate was a potent inhibitor of the enzyme, and the inhibition was prevented by the addition of 2-mercaptoethanol. These findings indicate that yeast hydroxyethylthiazole kinase is a bifunctional enzyme with thiamine-phosphate pyrophosphorylase activity, which is an octamer of identical 60-kDa subunits.
5-p-hydroxyethylthiazole (2-aminohydroxyethylthiazole) is
known to be a specific inhibitor of thiamine biosynthesis in microorganisms (12) . In the course of the study on 2-aminohydroxyethylthiazole-resistant mutants of S. cerevisiae to investigate their possible metabolic disturbances in thiamine biosynthesis, I have isolated several mutants with markedly reduced activities of both hydroxyethylthiazole kinase (Thkinase) and TMP-PPase. From genetic analysis, the decrease in these two enzyme activities was found to be the result of the same mutation of a single gene in the nucleus. The purpose of this study was to purify and characterize Thkinase of S. cerevisiae. I report here a purification procedure for Th-kinase and the observed association of the activities of this kinase and TMP-PPase at each step of the purification. Preliminary evidence that yeast Th-kinase is a bifunctional protein with TMP-PPase activity which is an octamer of identical 60-kDa subunits is presented here. Some properties of Th-kinase associated with this protein are also described.
MATERIALS AND METHODS
Yeast strains and growth experiments. Haploid strains of S. cerevisiae, IFO 10482 (A4Ta his4-519 gal2) and IFO 10483 (AL4Ta leu2-3,112 gal2), and its mutants were used. They were grown at 30'C in YPD medium (1% yeast extract, 2% Bacto Peptone, and 2% glucose) or minimal medium (thiamine-free Wickerham's synthetic medium supplemented with leucine) (15) . Mutants resistant to 2-aminohydroxyethylthiazole were isolated after treatment with ethyl methanesulfonate (1) . For growth studies, the yeast cells were incubated at 30'C for 20 h without shaking in 5 ml of minimal medium in the presence or absence of 2-aminohydroxyethylthiazole. Growth was measured as the optical density at 560 nm.
Enzyme assays. The reaction mixtures for Th-kinase contained 0.05 M Tris-hydrochloride buffer (pH 7.5), 10 ,uM hydroxyethyl [2-14C] thiazole (24.1 Ci/mol), 10 mM ATP, 10 mM MgCl2, and the crude extract (50 to 70 ,ug of protein) in a final volume of 0.5 ml. After incubation at 370C for 30 min, the reaction was terminated by heating at 90'C for 5 min and was followed by centrifugation at 2,000 x g for 10 min to remove denatured protein. Samples (20 , ul) protein. The activities of hydroxymethylpyrimidine kinase, phosphomethylpyrimidine kinase, and TMP-PPase were assayed as described previously (6) . The protein concentration was determined by the method of Lowry et al. (10) .
Enzyme purification. All purification steps were carried out at 0 to 4°C.
(i) Step 1. Preparation of crude extract. S. cerevisiae IFO 10483 was grown at 30°C with shaking in a total of 300 liters of minimal medium and harvested at the mid-exponential phase of growth. The cells were washed with distilled water and then suspended in 1,930 ml of 20 mM Tris-HCl buffer (pH 7.5) containing 1 mM 2-mercaptoethanol and 1 mM EDTA (buffer A) supplemented with 1 mM phenylmethylsulfonyl fluoride. The resulting cell suspensions were sonicated at 9 kHz for 20 min at less than 4°C. The supernatant fluid obtained after centrifugation at 28,000 x g for 20 min was used as a crude extract.
(ii) Step 2. Ammonium sulfate precipitation. Solid ammonium sulfate was added slowly to bring the solution to 40% saturation, and the suspension was stirred for 30 min and centrifuged for 20 min at 16 ,700 x g. The supernatant fluid was brought to a final concentration of 80% saturation by the addition of ammonium sulfate. The suspension was stirred for 30 min before centrifugation, and the precipitate was dissolved in 60 ml of buffer A supplemented with 1 mM phenylmethylsulfonyl fluoride.
(iii)
Step 3. DEAE-cellulose chromatography. The ammonium sulfate fraction from step 2 was dialyzed against buffer A. The dialyzed enzyme was applied to a column (3.2 by 22.5 cm) of DEAE-cellulose DE52 previously equilibrated with buffer A. Elution was carried out with 1,000 ml of buffer A and then with a linear gradient consisting of 200 ml buffer A in the mixing chamber and an equal volume of buffer A containing 0.4 M KCl in the reservoir. Fractions of 3 ml were collected.
(iv) Step 4. Hydroxyapatite chromatography. The enzyme fractions from step 3 (21.5 ml) were dialyzed against 0.1 M potassium phosphate buffer (pH 6.8) containing 5 mM 2-mercaptoethanol and 1 mM EDTA (buffer B). The dialyzed enzyme was applied to a hydroxyapatite column (2.3 by 19 cm) previously equilibrated with buffer B. After the column was washed with 600 ml of 0.1 M buffer B, the column was developed with a linear gradient of 0.1 to 0.3 M buffer B in 200 ml. Fractions of 3 ml were collected.
(v)
Step 5. Gel filtration. The enzyme fractions from step 4 were concentrated to 1 ml by an Amicon ultrafiltration system (membrane type XM50) and applied to a Sephacryl S300 column (1.7 by 93 cm) previously equilibrated with 20 mM potassium phosphate buffer (pH 7.5) containing 0.15 M NaCl, 5 mM 2-mercaptoethanol, and 1 mM EDTA (buffer C). Elution was carried out with the same buffer. Fractions of 2 ml were collected.
Estimation of molecular weight. The molecular weight (MW) of the purified enzyme was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and by gel filtration of a Sephacryl S300 column (1.7 by 93 cm). The enzyme preparation from step 5 was dialyzed against cold water and lyophilized. Portions of this lyophilized material were dissolved in 50-,ul portions of distilled water and were denatured prior to electrophoresis by heating at 80°C for 10 min in 2% SDS-5% 2-mercaptoethanol. The material was then subjected to electrophoresis on polyacryl- Chemicals. (3H~hydroxymethylpyrimidine (6.5 Ci/mol) and hydroxyethyl[2-1 C]thiazole (24.1 Ci/mol) were prepared as previously described (2, 16) . Hydroxymethylpyrimidine monophosphate and pyrophosphate were synthesized as reported previously (6) . Hydroxyethylthiazole monophosphate was prepared by the sulfite cleavage of thiamine monophosphate as described previously (7). Hydroxymethylpyrimidine, hydroxyethylthiazole, and 2-aminohydroxyethylthiazole were kind gifts from the late S. Yurugi, Takeda Pharmaceutical Industries, Osaka, Japan. All other chemicals were purchased from commercial suppliers.
RESULTS

Isolation of 2-aminohydroxyethylthiazole-resistant mutants.
From the mutants grown on agar plates on minimal medium plus 1 ,uM 2-aminohydroxyethylthiazole, the four largest colonies were selected. Figure 2 shows the effect of various concentrations of 2-aminohydroxyethylthiazole on the growth of the parent strain (IFO 10483) and the mutants. The growth of the parent strain was completely inhibited by 2-aminohydroxyethylthiazole at 1 FLM. On the other hand, the growth of the mutants was not greatly inhibited by this compound at least up to 0.1 mM.
Activities of thiamine-synthesizing enzymes of 2-aminohydroxyethylthiazole-resistant mutants. Since the target enzymes of 2-aminohydroxyethylthiazole and its phosphorylated product (Fig. 1) have been known to be Th-kinase and TMP-PPase, respectively (13), the activities of these two enzymes and other enzymes involved in the synthesis of thiamine monophosphate in the crude extract from one of the mutant strains, ATR 4, were assayed. As shown in Table  1 , the activities of the two target enzymes were remarkably reduced in ATR 4 compared with that in the parent strain, whereas the activities of the other enzymes of the mutant were similar to those of the parent strain. The activities of Th-kinase and TMP-PPase of the mutants other than ATR 4 isolated were then assayed, and it was also found that both Copurification of Th-kinase and TMP-PPase. On the basis of the genetic findings of 2-aminohydroxyethylthiazole-resistant mutants of S. cerevisiae, Th-kinase was purified from S. cerevisiae IFO 10483. Table 3 shows the progress of the purification of the enzyme. As indicated by the purification table, both Th-kinase and TMP-PPase behaved similarly during purification. In addition, they were eluted from the DEAE-cellulose column and from the hydroxyapatite column by the same salt concentration (approximately 0.2 and 0.24 M, respectively). From the Sephacryl S300 column, three 280-nm UV-absorbing peaks appeared in the eluate, and the two enzyme activities were associated only with the first and major peak (data not shown). The specific activities of the purified protein represented an overall purification of 1,445-fold for Th-kinase with a yield of 5.5% and 1,890-fold for TMP-PPase with a yield of 7.0%, indicating that the both enzymes were copurified. The molecular mass of the purified protein determined by gel filtration on the same column as Sephacryl S300 was 470 kDa, and this native enzyme protein was further examined by SDS-polyacrylamide gel electrophoresis. The dissociated enzyme formed a single protein band with an electrophoretic mobility corresponding to the molecular mass of 60 kDa, which suggested that this enzyme has an octameric structure (Fig. 3) .
Properties of Th-kinase copurified with TMP-PPase. The optimal pH for Th-kinase reaction catalyzed by the purified enzyme was 9.1, while TMP-PPase activity in the same enzyme preparation was highest at pH 7.7 (Fig. 4) . completely inactivated by the sulfhydryl reagent at a concentration of 0.1 mM, whereas the addition of a 10-fold molar excess of 2-mercaptoethanol to the reagent completely prevented the inactivation of Th-kinase, and more than 75% of TMP-PPase activity was retained under the same condition (data not shown). These findings strongly suggest that the sulfhydryl group(s) plays an important role in both enzyme activities. As shown in Fig. 6 , both enzyme activities of the purified protein were decreased in parallel by heat treatment and showed the same degree of inactivation. In addition, the purified enzyme stored at -80°C lost 49.9 and 64.4% of Th-kinase and TMP-PPase activities, respectively, in a month. DISCUSSION Th-kinase and TMP-PPase of S. cerevisiae, which catalyze the last two steps of the thiamine monophosphate synthetic pathway, were copurified in this study. Th-kinase activity could not be separated from TMP-PPase activity by ammonium sulfate fractionation, DEAE-cellulose chromatography, hydroxyapatite chromatography, or gel filtration chromatography. The final enzyme preparation obtained was homogeneous and contained Th-kinase and TMP-PPase at specific activities 1,445 and 1,890 times those found in the wild-type extract. The purified enzyme could synthesize thiamine monophosphate from hydroxymethylpyrimidine pyrophosphate and hydroxyethylthiazole in the presence of ATP and Mg2+, and it was demonstrated to contain a single protein species on the basis of SDS-polyacrylamide gel electrophoresis.
The copurification of Th-kinase and TMP-PPase was consistent with the genetic data of a 2-aminohydroxyethylthia- (13) . The isolation of 2-aminohydroxyethylthiazole-resistant mutants of S. cerevisiae almost totally defective in Th-kinase activity which can grow well on minimal medium strongly suggests that a genetic block of the phosphorylation of 2-aminohydroxyethylthiazole is the primary cause of the resistance of the mutant to 2-aminohydroxyethylthiazole (4). White and Spenser (14) showed by tracer experiment that the C5 chain of the thiazole moiety of thiamine in S. cerevisiae is derived from a 2-pentulose (probably 2-pentulose 5-phosphate) which is generated from the hexose precursors, suggesting that the hydroxyethylthiazole monophosphate would be synthesized directly. This study also supports the hypothesis that hydroxyethylthiazole is not an obligatory intermediate in the pathway of de novo synthesis of hydroxyethylthiazole monophosphate in thiamine biosynthesis in S. cerevisiae. On the other hand, the presence of the mutants with markedly reduced activities of both Th-kinase and TMP-PPase described here raises a question. Since TMP-PPase has been established to be an essential enzyme for thiamine biosynthesis in S. cerevisiae (9) , a marked decrease in this enzyme activity might affect the yeast growth in minimal medium. However, this is not the case in the mutants isolated in this study, but the small enzyme activity remaining appears to afford the cellular requirement for thiamine. Finally, it is still unknown whether a bifunctional enzyme with the activities of Thkinase and TMP-PPase in S. cerevisiae is an evolutionary artifice, providing enhanced stability or efficiency for enzymes that work together for thiamine biosynthesis, or an evolutionary artifact, a protein built up of segments merely to reflect the fusion of gene segments. In E. coli, on the other hand, the thiM gene encoding Th-kinase has been reported to be located separately from the thiB gene encoding TMPPPase (5, 11) .
